Objective: Although key roles for dietary vitamin E (VITE) and fatty acid (FA) in fertility have been confirmed, limited data are available on the effects of VITE alone, or a constant level of VITE supplemented by dietary omega-6 and omega-3 FAs in combination on male reproduction. Consequently in this paper, the effects of VITE, sunflower oil, fish oil and their combination on rat sperm were investigated.
Introduction
Although key roles for vitamin E (VITE) and sperm fatty acid (FA) profiles in fertility have been confirmed (1, 2) , limited data are available on the effects of VITE only or a constant level of VITE supplemented by dietary omega-6 and omega-3 FAs as well as the combination of these essential FA on male reproduction. Some omega-3 and omega-6 polyunsaturated fatty acids (PUFA), especially 22-C chain FA such as docosahexaenoic acid (DHA, C22:6 n-3) for humans and ruminants; docosapantaenoic acid (DPA, C22:5 n-6) for boars, rodents and rabbits; and docosatetraenoic acid (DTA, C22:4 n-6) for domestic birds are recognized as major components in spermatozoa. Membranes with a high content of 22-C chain PUFA in their phospholipids are distinguished by high levels of flexibility, compressibility, deformability, and elasticity (3) . On the other hand, high levels of PUFA increase the susceptibility of the sperm cells to free radical induced peroxidative damages, considered a significant cause of male infertility. Within the sperm antioxidant system VITE is the major natural lipid-soluble antioxidant present in cell membranes and plays a crucial role in breaking the chain reaction of peroxidation, initiated by reactive oxygen species (ROS) (4) . However, dietary antioxidant support has been neglected in some previous studies, although the study of antioxidant supplementation helps to elucidate the importance of this antioxidant activity when the diet is supplemented by PUFA (3).
Dietary FAs may influence FA profiles in several organs (5, 6) . The direct and/or indirect presence of dietary omega-3 PUFA in sperm has been shown to be effective in some species and to improve sperm parameters (7) (8) (9) (10) (11) . Although manipulation of sperm FA by dietary FA is typical of all experiments, randomized controlled trials have produced conflicting results regarding the improvement of semen parameters with or without VITE supplementation. PUFA supplementation has been shown to disturb sperm parameters in the rodent, Calomys laucha, when used without VITE supplementation (12) .
The dietary ratio of omega fatty acids (n-3: n-6) are another concern. Increased consumption of soybean oil, as a source of omega-6, has probably decreased tissue concentrations of Eicosapentaenoic acid (EPA) and DHA during the 20 th century in the United States (13) . However, little is known about the effects of the combination of omega-6 FA and fish oil on semen quality.
Thus, the main objective of the present study is to determine the effects of VITE only or VITE in combination with sunflower oil (omega-6 source), fish oil (omega-3 source) and a combination of sunflower and fish oil on rat sperm parameters using a computer-assisted sperm analyzer (CASA), feed intake, and blood lipid profiles. This study also investigates the correlation between blood lipid profiles and sperm quality.
Materials and Methods

Animals and diets
This study was approved by the Ethics Committee of the Royan Institute and follows the Nutrient Requirements of Laboratory Animals (NRC, 1995) . In this experiment, 50 male Wistar rats aged 8 weeks that weighed 194 ± 19 g were used in a experimental completely randomized design. The rats were divided into five equal groups. Rats were allocated to treatment groups according to their weight (high, medium and low) prior to the commencement of the trial when all rats were fed a similar diet. Rats were kept under standard conditions and health status was assessed daily during the experiment.
The experimental groups consisted of: i. Control group (CTR): standard diet: (1 mg/day/rat vitamin E); ii. VITE diet group: (two times greater than NRC recommendations: 2 mg/day/rat VITE); iii. Sunflower oil group (n-6): (gavaged thorough a small plastic feeding tube with 0.5 ml/day/rat sunflower oil+VITE diet); iv. Fish oil group (n-3): (gavaged with 0.5 ml /day/rat fish oil+VITE diet) and v. n-3+n-6 group: (gavaged with 0.3 ml fish oil/day/rat+0.2 ml sunflower oil/day/rat+VITE diet). Each group adapted to the oil gavages over the first four days. The standard and VITE diets were obtained from an industrial animal feed company (Javaneh Khorasan Co., Iran). Rats in all groups were gavaged daily with water in the CTR and VITE groups or oil (n-6, n-3 and their combination). Each rat received 300 mg of C18:2/day, 150 mg of DHA+EPA/day and 100 mg of C18:2 n-6+100 mg of DHA+EPA/day in n-6, n-3 and n6+n-3 groups, respectively. It has been suggested that the minimum omega-6 requirement is greater than 1200 mg/100 g of diet (14) . In the current study, the rats' feed intake was weighed (20 g/day/rat), so the minimum requirements were 240 mg linoleic acid (C18:2)/ day/rat. Each rat was gavaged 0.5 ml of sunflower oil received an estimated 300 mg of linoleic acid /day. Fish oil capsules (Nutravite, Canada) were used as the omega-3 source. According to the producer manual, each capsule contained 1000 mg of fish oil with 180 mg of EPA (C20:5 n-3) and 120 mg DHA (C22:6 n-3). Each rat in the n-3 group received 150 mg of DHA+EPA and rats in the n3+n-6 group received 90 mg of DHA+EPA. The basic CTR and VITE diet contained soybean oil, therefore the omega-6: omega-3 ratio was approximately standard (2-5:1) for all groups. All rats had free access to water.
The body weight of each rat was recorded at the beginning of the study and at the end of followup 60 days later. Each cage had 3-4 rats and feed intake was recorded daily for each cage. All major ingredients (soybean, corn) in the standard and VITE diet were the same. Chemical analyses of the experimental diets and the FA compositions of the sunflower oil used in this study are presented in Tables 1 and 2. All animals were euthanized with ketamine-xylazine10% (100 mg/Kg body weight) after eight weeks and the body weight of each rat was recorded immediately after euthanization. 
Liver and testes sampling
The liver and right and left testes of each rat were removed, washed in normal saline and immediately weighed as fresh tissue.
Semen analysis
The cauda epididymis of the left testis was dissected and placed in 1 ml of pre-warmed tissue culture medium (Medium 199, Sigma, Louis, USA) that contained bovine serum albumin (BSA, Sigma, Louis, USA). Gentle agitation along with tearing of the tissue was applied to enable the spermatozoa to swim out into the medium. The semen samples were incubated at 37˚C for 30 minutes before sperm parammeter analyses were performed. Sperm counts and motility were analyzed by CASA as described previously. The CASA system consists of a phase contrast microscope (Eclipse E-200, Nikon Co., Japan) with a heat plate equipped with Sperm Class Analyzer® software (SCA, full research version 5.1, Microptic Co., Spain). Images are captured by a video camera (Basler Vision, A312FC at 50 fps, Tecnologie Co., Germany) at ×4 magnifications. For this purpose, 5 µl of sperm samples were placed in a Makler chamber. Several fields of view were captured and at least 600 spermatozoa were counted in each analysis (Table 3 ) (15). 
Parameter
Unit Description
Curvilinear velocity µm/seconds Time-averaged velocity of a sperm head along its actual curvilinear path.
Average path velocity µm/seconds Time-averaged velocity of a sperm head along its average path.
Straight-line velocity µm/seconds Time-averaged velocity of a sperm head along the straight line between its first detected position and its last. Beat-cross frequency Hz The average rate at which the curvilinear path crosses the average path.
VSL; Straight-line velocity, VCL; Curvilinear velocity and VAP; Average path velocity.
Blood samples and lipid profiles
Blood samples were obtained from rats' hearts after euthanization and centrifuged at 3000 rpm for 12 minutes at 5˚C to collect the serum. Samples were stored at −20˚C until analysis. Triglyceride (TG), toctal cholesterol, high density lipoprotein (HDL) and low density lipoprotein (LDL) serum concentrations for rats in all experimental groups were measured by enzymatic colorimetric methods using commercially available kits (Pars Azmoon Laboratories kits, Iran).
Statistical analysis
Data were analyzed using SPSS 16 and presented as mean ± SE. ANOVA was used for comparison of means and we considered the confidence level of P<0.05 as significant. The correlation between sperm parameters and blood lipid profiles was evaluated by the correlation bivariate procedure.
Results
Feed intake in both the sunflower oil treatments decreased. The lowest (P<0.05) feed intake was demonstrated with the omega-6 source relative to CTR, VITE and fish oil. Body weight did not differ between the five groups during the experiment. Liver and testes weights as well as liver and testes index [organ weight (g)/body weight (g)] were similar among all the treatment groups ( Table 4 ). All organs were of normal appearance.
The effects of the experimental diet and oil source on blood lipid profiles are shown in Table 5 . Fish oil and VITE maintained the cholesterol and TG concentrations when compared with the CTR group. The n-6 group had the highest cholesterol, TG and HDL concentrations (P<0.05). Interestingly, n-6+n-3 group had increased LDL concentrations (30 mg/dl) compared with the solely VITE group (17 mg/dl, P<0.05). CTR; Standard diet (control), VITE; Diet supplemented with vitamin E, n-6; Gavages sunflower oil and fed VITE diet, n-3; Gavages fish oil and fed VITE diet, n-6+n-3; Gavages sunflower oil with fish oil and fed VITE diet, a and b ; Values with different letters within the same rows are significantly different (P<0.05). Sperm quality and quantity were significantly affected by the treatments (Table 6 ). Fish oil and VITE supplementation showed a positive effect on sperm concentration (73×10 6 ) compared with the CTR (53×10 6 ) and n-3+n-6 group (65.8×10 6 ) (P<0.05). Sperm viability improved in the VITE group compared to the CTR group. The percent of sperm with progressive movement increased in the VITE and fish oil groups, with the highest percentage of progressive sperm observed in the VITE group compared with the CTR group (P<0.05). However, fish oil did not improve this parameter dramatically. For all of the above parameters, gavages of sunflower oil alone or in combination with fish oil showed moderate effect. Of note, the VITE group had a reduced number of non-progressive sperm (19%) compared to the CTR group (27%, P<0.05). However, there was little effect on the number of non-progressive sperm in the oil groups. Rats from the n-3 group had 16% immotile sperm, however there were 31% observed in the CTR group (P<0.05). Overall for sperm kinematic parameters, VITE significantly improved motion patterns which it is constant by fish oil. Nevertheless oil consumption cannot improved some parameters, linearity (LIN), straightness (STR) and wobble (WOB) of sperm were the highest in the VITE groups compared with the CTR group (P<0.05) ( Table 6 ). In all experimental rats, only cholesterol had a significant negative correlation with the percentage of sperm with STR parameter (r=-0.40, P=0.047). 
Discussion
The significant decrease in feed intake with sunflower oil use suggested that omega-6 FA had an impact on short-term feed intake regulation. Greenberg et al. (16) similarly demonstrated that infusion of fat into the rat intestine decreased food intake. It appeared that the potential of the omega-6 source to depress feed intake was stronger than the omega-3 source. In dairy cattle, the decrease in feed intake during an infusion of sunflower oil in the abomasum that contained no detectable linolenic acid (C18:3) was greater than either canola or soybean oil which contained 7% linolenic acid. Nevertheless, Yan et al. (10) did not report any significant difference in the effect on feed intakes of several dietary omega-3: omega-6 ratios, but rats on a diet with the highest omega-3: omega 6 diet ratio had the highest intake. Our data provide evidence that omega-6 FA may decrease feed intake in rats despite presence of VITE. However, liver and testis weights were maintained and organ indices were consistent with an unaltered body weight. Yan et al. (10) alongside our results reported that feeding diets which contained several omega-6: omega-3 ratios provided by soybean/flaxseed oil had no effect on testis index.
Although rat sperm has been shown to contain high levels of omega-6 FA (17); dietary VITE dramatically improved sperm quality. The positive effects of dietary omega-3 FA from fish oil on sperm quality have been shown in a number of species such as humans and ruminants (7-9, 18, 19) for which the sperm contain high levels of C22:6 n-3 (DHA). Interestingly, in current study and in species where n-6 FAs are predominant in sperm, it has been shown that dietary fish oil can elevate both sperm quality and quantity in rabbits (20) , horses (21) and boars (22) as well as in domestic birds such as roosters and turkeys (23) . Similarly, Yan et al. (10) have suggested that omega-3 FA obtained from plant sources improved rat sperm parameters. Omega-6 and omega-3 PUFAs are incorporated into spermatozoa cell membranes and omega-3 PUFAs improve semen quality via antioxidant activity (24) .
It appears that improved sperm motility was the result of the antioxidant effects of omega-3 FA or VITE. In the current study, sperm motivation parameters were elevated by dietary VITE, especially by fish oil+VITE consumption. A positive relation between dietary fish oil supplementation and number of motile spermatozoa has been proposed (9) ; however, all the rams in this study received VITE supplementation.
The tail of the sperm is mostly associated with sperm movement, whereas the function of the head is associated with the acrosome reaction and membrane fusion (25) . Thus, a putative mechanism is that VITE consumption increases the preservation and presence of DHA in the sperm tail which might improve motility. Additionally, VITE or DHA in spermatozoa might have specific functions unrelated to fluidity, which are similar to their functions in the brain and retina (26) . Altogether our findings have shown that dietary VITE with or without omega-3 can improve sperm motility parameters if consumed for eight weeks in rat. Meanwhile, previous studies assumed that all improvements of sperm parameters are related to the consumption of dietary fatty acids, especially omega-3.
The role of VITE as an antioxidant has been proven, but the effect of dietary VITE on semen and sperm is controversial. Moreover, in several previous studies, a negative effect of PUFA consumption in the absence of antioxidant was reported (6, 10) . For this reason, we expected that dietary omega-3 and omega-6 fatty acid without antioxidant could destroy spermatogenesis, a hypothesis supported by our own unpublished data in rams, especially in frozen-thawed semen. What is new in the current study is the emphasis on the antioxidant-PUFA combination. In roosters normal semen are unresponsive to dietary increases in VITE (5), however Gökçen et al. (27) have reported an enhancement in the motility of ram sperm with dietary VITE supplementation. In previous studies, unsaturated FA supplementation has been shown to disturb sperm parameters in the wild rodent, Calomys laucha (12), or ram (28) when used without VITE supplementation. Similarly, in a study by Yan et al. (10) , there was a significant reduction of motile sperm in the group which consumed the highest level of omega-3 FA compared with the recommended ratio contributed to decreased dietary antioxidant support. The observed reduction in the percent of non-progressive sperm in the VITE diet compared with the CTR group while feeding oil caused intermediate effects was one of the novel findings of the present study. Possibly dietary VITE could decrease the percent of non-progressive sperm while dietary FA could change motility another way, such as decreasing the numbers of immotile sperm. This finding could be a focus for treatment strategies or improvements in sperm motility in subfertile or infertile humans and animals. Dietary VITE supplementation may manipulate FA profiles of sperm which improve sperm parameters.
The positive effects of VITE and omega-3 fatty acids were clearer when sperm kinematic parameters were investigated. Increased straight-line velocity (VSL) and average path velocity (VAP) by increased dietary omega-3 concentration were consistent with motility data. Feeding omega-3 FA from fish or flaxseed oil compared with corn oil has been shown to affect sperm kinematic parameters in roosters (23) , most likely because sperm cell membrane fluidity and flexibility are increased by the consumption of omega-3 FA and VITE. It is surprising to note that rooster sperm contain as high a level of omega-6 FA as the rats in the current study (3) .
In previous studies, our team demonstrated that fish oil could improve testosterone concentration (9) and decrease ROS (6) . Although dietary use of lipid supplements normally increases blood cholesterol (29) as shown in the n-6 or n-6+n-3 groups, the use of omega-3 FA reduced cholesterol as well as TG levels. Our data, together with findings from previous studies demonstrated the cholesterol-lowering effects of n-3 FA. The decrease in cholesterol and TG concentration suggests that omega-3 FA results in an altered turnover of hepato-peripheral lipids and has mild lipotropic effects compared with omega-6. Fish oils are believed to primarily reduce TG levels by promoting FA degradation via paroxysmal β-oxidation, inhibit lipogenesis in the liver, and accelerate the clearance of plasma TG (30).
Significant change in LDL levels was observed in rats fed supplemental fish oil. Popović et al. (31) demonstrated a significant decrease in plasma TG and LDL concentration, and increase in the level of HDL in rats fed omega-3 FA (31). However, the beneficial effects of fish oil on LDL and/or HDL appear inconsistent, whereas influences of particle size seem to be key (32) .
There was no strong correlation between lipid profiles and sperm parameters in the current study, especially in the FA group. The oxidative process in serum and tissues, particularly the oxidative conversion of native LDL to oxidized LDL by free radicals, is now considered to be associated with male infertility (33) . The positive relation between LDL and sperm linearity motility could be due to increased dietary supply of antioxidants and the prevention of oxidized LDL's negative effect in the testes. Improved sperm motility and viability by the VITE diet support the above reasoning.
Conclusion
The effectiveness of dietary vitamin E on sperm was proven by enhanced sperm kinematics parameters. Omega-6 FA reduced short-term feed intake and it appeared that in a diet supplemented by vitamin E the depression potential of omega-6 on food intake was stronger than omega-3 in mature male rats. There were no strong correlations between sperm parameters and blood lipid profiles. Although fatty acids play a pivotal role in sperm, our findings supported the unique view that sperm quality in fertile male rats can be improved by VITE supplementation alone.
